The present paper aims at studies of the suspended sediment transport in inner Ishikari Bay in snowmelt season using numerical approach and field observation data. The sediment transport and bottom boundary layer models are coupled into the Princeton Ocean Model to compute suspended sediment concentration in the system. The following findings have been deduced: (1) the suspended sediment transport in the study area in snowmelt season is dominated by the sediment discharge from the Ishikari River. The effect of sediment resuspension due to wave current interaction is limited in a very shallow area along the coast. The average erosion depth in this area is 0.16mm. Net deposition locates in a wider area northern of the inner bay. The average deposition depth in this area is 0.04mm.
Introduction
The transport of suspended sediment matters (SSM) in coastal regions is important to the marine environment, since many contaminants are transported in an absorbed state [1, 2] . The mechanisms that control sediment transport in coastal areas are complex, of which there are essentially two physical processes. The first one is spreading of SSM away from the point sources which are continuously supplied with sediment materials such as rivers. The other process is sediment resuspension at the sea bottom that provided SSM into the water column.
The mechanisms that govern vertical sediment transport include sediment settling and vertical advection in the water column. In addition, vertical diffusivity generated by the turbulence in the bottom boundary layers also plays important role to this vertical sediment transport. In shallow waters, wave-current interaction further enhances the sediment resuspension in the bottom boundary layer (BBL), and has an impact on the sediment transport.
In the recent years, some numerical suspended sediment transport models for coastal regions have been presented. They can be classified into the following four categories. The first category is the two-dimensional horizontal models which are based on the depth averaged formulae [3, 4, 5] . The vertical distribution of sediment concentration is neglected in these models. The second group is the two-dimensional vertical models that take into account the vertical profile of sediment concentration [6, 7, 8] . This kind of models is usually applied to investigate the cross-shore sediment transport whereas the alongshore distribution is assumed to be uniform. The third class of suspended sediment transport models is the quasi threedimensional models in which an asymptotic solution is introduced in advection-diffusion equation for SSM [9, 10] . Suspended sediment transport in coastal areas is a three-dimensional phenomenon, that is why some three-dimensional suspended sediment transport models have been developed [11, 12, 13, 14] . This type of models can fully describe three-dimensional distribution of sediment concentration; however, they require more computational effort than other classes. The model used in present study belongs to the last category.
There have been very few researches on sediment transport in the Ishikari Bay (see Fig.   1 for the location of the bay). Based on the observations of current velocity and seabed sediment properties, Yamashita et al. [15] reported that sediment discharged from the Ishikari River is transported, deposited in a wide area not only by the nearshore current, but also by the strong wind driven current and ocean current outside the breaker zone in the Ishikari Bay. About 80% of the annual sediment discharged from Ishikari River occurs in the snowmelt season [16] when the current direction in the Ishikari Bay is dominated to northward [15] . However, the spatial The outline of this paper is as follows: the model system is described in section 2.
Overviews of the study area and observation data needed for model simulation are briefly described in section 3. Model setting, initialization and treatment of open boundaries are presented in section 4.1. Section 4.2 discusses the sources of SSM modeled in this study including an estimation of the amount of sediment discharge from the Ishikari River.
Comparisons between observed and simulated current velocities and SSM concentrations are given in section 4.3. Section 4.4 discusses the distributions of SSM concentration and flux during the simulation period. As a result of SSM transport, net erosion and deposition zones after two months of simulation are shown in section 4.5. Lastly, a summary of the outcomes of this paper is given in section 5.
The model system
The study is based on a numerical approach which couples a sediment transport model and a bottom boundary layer (BBL) model into the POM. POM has been presented in detailed in some where else [17, 18] . Here, we briefly present the modifications made to take into account the effect of river fresh water in computation of current velocities, temperature and salinity in POM. The modifications are only implemented at grid cells where a river enters the sea. The added river water is first placed above the sea water and we have to increase the water levels and the water depths. The river water is then mixed into the top layer(s) and new values of temperature and salinity in the top cell(s) are therefore produced.
The sediment transport model and bottom boundary layer model are briefly described as following:
The sediment transport model
The sediment transport model used in this paper is similar to that of Kuhrst et al. [14] .
However, Kuhrst et al. coupled the sediment transport model into the Modular Ocean Model (MOM) that is in Cartesian coordinate. On the other hand, in this study we couple the sediment transport model into the Princeton Ocean Model that is in sigma coordinate system. The advantage of sigma coordinate is that it can resolve in regions of abrupt topography variation or in the surface or bottom boundary layers. The governing equation for suspended sediment transport in sigma coordinate is:
where C is the concentration of the suspended sedimentary matter, U, V and w are current velocities in x, y and σ direction respectively, w s is settling velocity (downward direction) of the considered sediment type, H is bottom depth at still water, D is the total water depth; and K x , K y , K H are diffusion coefficients. Here we set K x =K y =A h , where A h is horizontal eddy diffusivity used in POM. The value of K H is assumed to be equal to that of heat and salt and computed in POM.
Settling velocities for suspended sediment depend upon many factors such as particle size, shape, composition, ability to aggregate, and the physical environment. Here, a simple formula known as Stokes law is used to determine w s . where g is the gravity acceleration, d is sediment grain diameter, ν is molecular kinematic viscosity, ρ s is sediment density and ρ is sea water density.
The application of Stokes equation for the conditions of high suspended sediment concentration is inadequate because of hindered settling and other physical effect. However, for our case study with low sediment concentration this formula seems to be valid.
Deposition or resuspension process is taken into account by the bottom boundary condition.
where Q is the sediment flux from the bottom describing the quantity of erosion or deposition. Erosion and deposition are mutually exclusive [19, 20, 21] . The sediment flux depends on the total bottom shear stress τ cw , which is computed by BBL model, and sediment properties. Deposition flux is computed by the method introduced by Krone [22] that also used by Zhang et al. [7] . The relationship between the erosion flux and bottom shear stress is described by Partheniades [23] . [7, 11, 12] . It is noted that the effect of wave in this study is limited in few high wave events. This means that wave data is not long enough for a good estimation of sediment parameters. Thus, there are still uncertainties in the above values of critical stresses for deposition and erosion as well as erosion constant.
At the sea surface boundary we have:
Where F s is the net sediment flux at the sea surface which is computed using the sediment discharge from the Ishikari River. We assume that the river sediment discharge enters the sea at four coastal gird cells.
Once the time and space variations of deposition (erosion) are known, the change of sea floor height can be computed by the mass conservation equation at seabed:
where Z is the seabed elevation (positive upward), ρ sd is dry sediment density ρ sd =2650kg/m 3 , P r is the porosity of seabed sediment. In the absence of filed measurement we use P r =0.33. This value is usually used as soil porosity under the seabed [24, 25] . In a strict manner, the porosity at sea bottom would have be chosen higher than that of the soil below because of less compacted.
The Bottom boundary layer model
As shown in the sediment transport model, in order to estimate the amount of erosion or deposition, the shear stress on the seabed is needed to be known. In the shallow part of the Ishikari Bay the combined effects of the surface waves and mean circulation on the bottom shear stress may be significant. The nonlinear interaction of the surface waves and currents enhances the shear stress in a much thinner wave boundary layer that exists inside of the mean current BBL.
The wave-current interaction in this study is solved following the concept introduced by Tanaka and Thu [26] . The bottom shear stress caused by currents and waves, τ cw , is defined by:
in which ρ is the sea water density, f cw is friction coefficient with wave-current interaction, U M is the maximum horizontal wave orbital velocity near the bottom defined by:
where h s is significant wave height, ω is angular wave velocity, k is wave number and H is water depth.
The friction coefficient f cw is given by the following formula:
The values of U M and τ cw are both going to zero in deep water. To prevent a division by zero operation in Eq. (10) the minimum value of U M is set at a small number (10 -6 in this study).
For the rough turbulent flow, the coefficients in Eq. (10) are defined by the following formulas:
The coefficient k a in Eq. (12) is the Kaman constant (k a =0.4), U c is the depth averaged current velocity, φ'=cos -1 (|cosφ|), φ is the angular between wave and current. In this study because of the lack of wave direction, it is assumed that all waves come from northwest (offshore to onshore), .
A is the amplitude of horizontal displacement of water particles at the bottom given by 
Observation data
The Acoustic Doppler Current Profiler (ADCP) current velocity was observed at station C1 shown in Fig. 1(b) . The water depth at station C1 is about 40m. The ADCP was set up to measure in 1m depth bins and returned good data in lower layers (3-30m from the bottom). Data in 10m at surface layers included noises by wave influence that is excluded in present analysis. The measurement of SSM concentration was made at stations S1 (see Fig. 1(b) ). The water depth at station S1 is about 10m. Hourly time series of SSM concentration was only measured at the depth of 4m from the surface. The time series data was available for two months, from April to May 2003. More discussion and presentation on current and sediment concentration data will be shown in section 4.3.
The forcing functions including wind velocity, river discharge, significant wave height and wave period are shown in Fig. 3 . We use the six hour, spatially distributed wind velocity obtained from Japan Meteorological Agency (JMA). This is the computed wind velocity at 10m above the surface. The resolution of wind data is about 10x10km horizontally. Because of the effect of Shakotan peninsula, the wind speed is usually stronger in offshore than that in nearshore which is clearly shown in Fig. 3 Hourly wave data were observed at station W1 at 17.5m depth (see Fig. 1(b) ). The significant wave height and period are shown in Fig. 3 (f) and Fig. 3(g) , respectively. Wave data was only available for the period from 18 April to the end of May as shown in Fig. 3 . In general, wave was relatively low during the observation period, except for two events on April 30 th and May 8 th that the significant wave heights exceeded 2m. Both the two high wave events were under northwest wind conditions i.e. winds were from offshore to onshore. For the conditions that wind directions were from land, the waves in the Ishikari Bay were low because of short wind fetches. We used these wave data uniformly for the entire area of model domain. As rightly point out by one of the reviewers that the use of uniform wave is unrealistic because of the variable distribution of sediment types in the Ishikari Bay. However, in this study this approximation is acceptable because of the following reasons. Firstly, the water depth in the model domain in present study is rather deep (10m or more). Secondly, the wave data in the simulation period are relatively low. Thus, the spatial variation of wave heights can be neglected.
Model simulation and results
The computation process in this study is as following: Current velocities, temperature and salinity are computed in original POM in three-dimensional mode. The BBL model is used to determine the bottom shear stress for use in the sediment transport model. Then, the SSM concentration is calculated according to Eq. (1) 
Model initialization and open boundary conditions
The hydrodynamic condition in the Ishikari Bay can be characterized as following: The wind stress is the major driving force for winter current pattern in the inner of the Ishikari Bay, the far field effect through open boundary can be neglected [28] . In spring and summer when the river discharge is high, the density driven current in the inner region should be taken into account. Therefore, both wind stress and the Ishikari River discharge are used to force the circulation model in this study. River salinity concentration is set at zero value. River water temperature data is very sparse. In this study, a constant value of 11 o C obtained from Water Information System [29] was used for the whole simulation period. Flather scheme [31] . For the tangential component of the external velocities and surface water elevation, a gravity wave radiation condition is used [32] . The formulation of open boundary conditions for internal velocities we apply the Orlanski method in implicit form [33, 32] . The advection scheme is applied for temperature and salinity [34] . For the sediment concentration, a zero concentration value is used at the western boundary, no gradient scheme is used at the northern boundary and a zero flux condition is applied at close boundaries.
Sources of suspended sediment matters
The potential sources for sediment transport in coastal areas include sediment from surrounding rivers, shoreline erosion and suspension from the seabed. The last source can be further divide into erosions in the surf zone and in the deeper water. Given the limited model resolution used in this study, we only take into account river sediment source and sediment suspension outside the surf zone. The sediment grain sizes from Ishikari River vary in a wide range [16] . In this paper, we only study fine sediment matters (FSM) with their mean diameter less than 50µm. The coarser sediment matters (CSM) from the Ishikari Bay are assumed to be deposited near the river mouth [15] . Thus, the contribution of CSM to sediment concentration in the Ishikari Bay in snowmelt season is neglected. We consider four size classes of FSM with their mean diameters range from 15µm-50µm. Their sedimentological characteristics are listed in Table 1 . SSM concentration is computed for each sediment class separately. The total sediment concentration is a summation of all four classes.
Estimation of river sediment discharge
To begin of sediment transport model simulation, it is important to know the amount of sediment discharge supplied from the Ishikari River. The following formula is used to estimate river sediment discharge [16] :
where Q s is total suspended sediment discharge in m 3 /s for all classes of sediment grain sizes and Q is the hourly Ishikari river discharge also in m 3 /s. The sediment discharge is converted to mass unit by multiplying Q s with sediment density. The time series of total suspended sediment discharge is shown in Fig. 4 .
The amount of FSM with the mean diameter less that 75µm is 62% of the total SSM calculated in Eq. (15) [15] . We assume that the amount of FSM with the mean diameter less than 50µm is 42% of total SSM and they are equally distributed for four size classes of FSM considered in this study.
Comparison between model results and observations
With the above model setting and initialization, we are going to analyze of the model results. The hydrodynamic condition in the study area can be characterized by Ekman transport in the deep region and topographic guided in the shallow area of the model domain. Of particular interest is the density driven current (the river plume) near the Ishikari river mouth as shown in Fig. 5 . The result found here is similar with that of Berdeal et al. [35] . The structure of river plume consists of an offshore bulge and coastal current in the direction of Kelvin wave propagation (northward in this case). Due to topographic effect, the separation between the bulge and coastal current is not as clear as that in Berdeal et al. [35] . A weak anticyclonic gyre creates a return flow in nearshore.
-16 -
The observed and computed near surface and bottom current velocities at station C1 are shown in Fig. 6 . It can be seen that the computed current velocities follow the observations fairly well in the mooring course. The agreement between observed and computed currents at the near surface layer is better than that in the bottom layer. The dominant direction of currents is northward during mooring period. In general, the model can reproduce the hydrodynamic condition in the Ishikari Bay. It is also noted from Fig. 6 that the bottom current velocity is rather low, thus, the bottom shear stress caused by current is expected to be small. (concentration less than 33ppt) extents widely offshore covering the whole part of the inner Ishikari Bay. The alongshore extension is also significant that brings the low salinity water northward to about 80km away from the Ishikari river mouth. The vertical structure of salinity at cross section N-N, which is about 10km north of the Ishikari River mouth (see Fig. 1b ), is presented in Fig. 7b . It can be seen that the low salinity waters is strongly trapped in surface layers. Low salinity concentrations (<33ppt) present only in the top 10m of water depths. Thus, the fresh waters do not make bottom contact at this location, even in the most shallow area. The horizontal and vertical structures of salinity concentration are controlled by buoyancy, wind and topographic conditions. However, a detail analysis of the roles of these forces is beyond the scope of this study.
The observed sediment concentration at S1 is plotted along with computed value at appropriate layer in Fig. 8 . The significant feature that can be seen in Fig. 8 is that the SSM concentration at observation station in the course of simulation is dominated by the Ishikari river sediment discharge. At the times that the river sediment discharge is high, the concentration at S1 is also high and vice versa.
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The simulated value shown in Fig. 8 is the total sediment concentration of all four size classes (Table 1) . Considering the SSM concentration of each size class shows that at the times of high sediment concentration the contributions of all classes to total SSM concentration are important. However, at low sediment concentration conditions the role of very fine sediment matters (the first and the second classes) to total SSM concentration is dominant, whereas contribution of the coarser classes (the third and fourth classes) is very limited. This result demonstrates the need of the separation of sediment matters into some classes in this study. in the first event (7 th -14 th April). It is noted that, during this period, the effect of wave in sediment resuspension is switched off because of the lack of wave data. The river sediment discharge in this period is very low, thus, we can guess that the high observed concentration in this period is the result of sediment resuspension by high wave. There is a clue for this speculation is that during 6 th -7 th April wind velocity is fairly strong and has direction of NW (see Fig. 3 ). With this direction the wind fetch is long and wave is usually high in the Ishikari Bay. For the fourth event, the SSM concentration is overestimated by present model. The possible reasons for this disagreement may lie in the following categories. Firstly, there is also uncertainty in the method used to estimate the amount of sediment discharged from the Ishikari River. And secondly, there may be problems in observation data.
At the times of low concentration, the computed result is smoother than the observation concentration. No local peak in the observed data has been simulated. The reason for this difference may relate to the erosions from very shallow water (depth less than 10m) and from the shoreline that are not taken into account in this model. Because of very shallow water, the bottom shear stress may be significant even in low wave conditions. Sediments eroded in shallow waters and from shoreline are transported to deeper areas. These sources of sediment create local peaks in calm wave conditions at the observation station S1.
Although there are some weak points as described above, the model is capable to reproduce the general features of sediment concentration distribution in the Ishikari Bay in snowmelt season. Since the simulation of SSM is a very complicated task, e.g., the difference between model prediction and field observation beyond one order of magnitude is common [9] , the results shown in this study are very encouraging.
Distributions of SSM concentration and flux
This To understand the spatial distribution of SSM concentrations under different conditions of sediment discharges from Ishikari River, the vertical average of sediment concentrations in Ishikari Bay at April 10 th and April 18 th are shown in Fig. 11 . We show here the data during the second peak because the sediment distributions in the bay at this period are mainly controlled by sediment from the river source. The contribution of sediment resupesion at the sea bottom due to bottom shear stress is neglected because the wave height in this period is low (less than 1 meter).
The bottom shear stress at S1 is just above the critical shear stress for erosion. It is clearly observed that the higher river sediment discharge is, the wider sediment concentration spreads in the Ishikari Bay i.e. at 10 th April when the river sediment discharge is about 15kg/s the sediment concentration in the bay is mostly confined to the river mouth. On the other hand, at 18 th April when the river sediment discharge reaches a local peak of 115kg/s, sediment matter is spread over about half of the shallow area of the Ishikari Bay. Moreover, the sediment concentration at the former time is much smaller than that at the later time.
Next, the role of sediment resupension at the sea bottom due to wave current interaction is discussed. We begin with an analysis of bottom shear stress,τ wc , time series at station S1 (10m in depth) as shown in Fig. 12 (dotted thin line) . The shear stress is quite high during the two strong wave events, at the other times its value is relatively small regardless of current velocity.
With the value of critical shear stress for erosion τ e =0.15N/m 2 , sediment resuspension at S1 is only significant in the two high wave events (1 st May and 8 th -9 th May). In the remaining times, sediment concentration is mostly resulted from Ishikari river source. For a better understanding of the role of current to bottom stress, the bottom stress caused solely by current, τ c , computed in POM is also drawn in Fig. 12 (solid bold line) . It is clear that the value of τ c is very much smaller thanτ wc . This explains that the contribution of current velocity to bottom shear stress is very limited.
The horizontal distribution of bottom shear stress at 8 th May is shown in Fig. 13 . High shear stress is seen in the shallow area of the bay and its magnitude decreases significantly with depth. With the above critical shear stress for erosion, wave resuspension in this period only occurs in a narrow area along the coast with the depth about 20m or less.
The distribution of SSM concentration at the time of high wave (9 th May) is considered.
The vertical average of SSM concentration at this time is shown in Fig. 14 . The effect of wave resuspension can be clearly seen in a narrow area along the coast in southwestern of the Ishikari River mouth, where the SSM concentration reaches 15mg/l. Sediment concentration in the northeastern area of the river mouth is the results of the combined effects of both river source and wave resuspension. Thus, the sediment concentration in the later area is higher than that in the former one. Fig. 15 is the time series of surface, middle and bottom SSM concentrations at S2 (see Fig. 1(b) ). At this location, the effect of sediment from the river is minor. SSM concentration at S2 is very low in most of simulation times except in two high wave events. Under the effect of wave resuspension, sediment concentrations decrease rapidly from bottom layer to upper layers.
Erosion and Deposition
Results of sediment transport allow us to investigate where the zones of deposition and erosion are located in the Ishikari Bay after the simulation period. A complete study of morphological process is a very complicate task and it requires more long-term of observation and simulation. Moreover, the bed load transport, erosion in the surf zone and shoreline erosion are all neglected in this study. All of them may play a significant role to morphological process.
In this section a very rough estimation of seabed elevation change under erosion-deposition process is made during the simulation period. The erosion or deposition depth is calculated based on Eq. (6). The initial seabed elevation is set to zero everywhere; it changes with sediment particle entrainment or settling during the simulation time. The net change of seabed elevation resulting from April-May 2003 simulation is shown in Fig. 16 . Net erosion occurs in a narrow area along the shore up to water depth of about 15m. The erosion rate in the southwest Ishikari
River is higher than that in the northeast side. The average erosion depth is about 0.16mm. This is the result of sediment resuspension during high wave events.
Net deposition occurs in a wide area offshore of the Ishikari Bay, but it mainly locates in the northern area of the bay. The maximum deposition depth in this area is about 0.14mm. The average deposition depth is 0.04mm.
Conclusions
The dynamic of suspended sediment transport in the inner of the Ishikari Bay in snowmelt season was studied using numerical approach and field observation data. The sediment transport and bottom boundary layer models were coupled into the Princeton Ocean Model. The results presented and discussed in Section 4 can be summarized as follows:
(1) The suspended sediment transport in the study area in snowmelt season is dominated by the sediment discharge from the Ishikari River. The effect of wave resuspension is limited in narrow area along the coast with a water depth of 20m or less. 
